Abstract -Epidemiological evidence suggests that dietary consumption of the long chain omega-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), commonly found in fish or fish oil, may modify the risk for certain neuropsychiatric disorders. As evidence, decreased blood levels of omega-3 fatty acids have been associated with several neuropsychiatric conditions, including Attention Deficit (Hyperactivity) Disorder, Alzheimer's Disease, Schizophrenia and Depression. Supplementation studies, using individual or combination omega-3 fatty acids, suggest the possibility for decreased symptoms associated with some of these conditions. Thus far, however, the benefits of supplementation, in terms of decreasing disease risk and/or aiding in symptom management, are not clear and more research is needed. The reasons for blood fatty acid alterations in these disorders are not known, nor are the potential mechanisms by which omega-3 fatty acids may function in normal neuronal activity and neuropsychiatric disease prevention and/or treatment. It is clear, however, that DHA is the predominant n-3 fatty acid found in the brain and that EPA plays an important role as an anti-inflammatory precursor. Both DHA and EPA can be linked with many aspects of neural function, including neurotransmission, membrane fluidity, ion channel and enzyme regulation and gene expression. This review summarizes the knowledge in terms of dietary omega-3 fatty acid intake and metabolism, as well as evidence pointing to potential mechanisms of omega-3 fatty acids in normal brain functioning, development of neuropsychiatric disorders and efficacy of omega-3 fatty acid supplementation in terms of symptom management.
INTRODUCTION
In the past decade, interest has surged in the area of omega-3 fatty acids and their role in normal brain functioning and neuropsychiatric disease treatment and prevention. Although omega-3 fatty acids are present in plant-based sources such as alpha-linolenic acid (ALA; 18:3n-3), this review will focus mainly on the animal derived long chain n-3 polyunsaturated fatty acids (eicosapentaenoic acid; EPA; 20:5n-3 and docosahexaenoic acid; DHA; 22:6n-3). As indicated herein, epidemiological evidence suggests that dietary consumption of omega-3 fatty acids may decrease the risk for certain neuropsychiatric disorders. This review will summarize the knowledge of omega-3 fatty acids in terms of dietary intake and metabolism, as well as evidence pointing to potential mechanisms of omega-3 fatty acids in normal brain functioning and development of neuropsychiatric disorders. Evidence for altered omega-3 fatty acid status and supplementation trials will be given for disorders such as Attention Deficit (Hyperactivity) Disorder, Alzheimer's disease and other dementias, Schizophrenia, Depression and Post-Partum Depression, as well as various developmental disorders. The information in this review was obtained after extensive MedLine searching of each topic area. References from obtained papers that were not available on MedLine were also used.
OMEGA-3 FATTY ACIDS: BIOCHEMISTRY AND DIETARY CONSUMPTION
ALA, EPA and DHA are the most common omega-3 fatty acids in the diet and will be discussed in more detail below. Until fairly recently, the commonly accepted pathway for the metabolic conversion of ALA to DHA involved the sequential utilization of delta-6, 5-, and 4-desaturases along with elongation reactions (2 carbon additions) (Fig. 1) . It has been demonstrated, however, that the metabolism of docosapentaenoic acid (DPA; 22:5n-3) is independent of delta-4 desaturase, and instead involves microsomal elongation of 22:5n-3 to 24:5n-3, followed by desaturation to 24:6n-3 and peroxisomal retroconversion to 22:6n-3 [1] . The conversion of ALA to LCPUFA (EPA, DPA, and DHA) is limited in humans and has been estimated to be anywhere from less than 1% to 6% [2, 3] , reviewed in [4] ). Interestingly, DHA can also be "retroconverted" to EPA at rates in humans of about 10% [5, 6] . Omega-3 and neuropsychiatric disorders 3 Historical evidence suggests that human beings evolved consuming a diet that contained approximately 1-2 n-6 fatty acids for each n-3 fatty acid [7] . However, the current Western diet contains a ratio of up to 20-30:1, which means that the present diet is deficient in n-3 fatty acids compared to that on which our genetic patterns were established [8] . Today's intake of n-3 fatty acids is lower because of the decrease in consumption of fish and wild game, and because modern agriculture emphasizes consumption of cereal grains by animals destined for meat production. Also, the consumption of plant-derived oils which contain large amounts of n-6's and minimal n-3's has increased. Furthermore, cultured fish and eggs, cultivated vegetables, and domestic animals contain fewer n-3 fatty acids than do their wild counterparts [7] . Some common vegetable oils, including soybean, canola and flaxseed oil, are concentrated sources of ALA in the diet, while fatty fish, such as halibut, mackerel, herring, and salmon are concentrated sources of EPA and DHA. Other sources of dietary n-3 fatty acids are nuts, seeds, fruits, vegetables, and egg yolks [9] . It has also recently been demonstrated that meat, which is a concentrated source of DPA, is a significant contributor of longchain dietary n-3 fatty acids, with beef and lamb contributing more of these fatty acids than pork and poultry [10] . Table I shows the ALA, EPA, and DHA fatty acid content of fish, shellfish, fish oils, nuts and seeds, and plant oils that contribute n-3's to the diet.
An analysis of the consumption of n-3 fatty acids in various populations shows that modern societies consume low levels of these dietary lipids, and this has led to the establishment of guidelines concerning their recommended daily intake. In the United States, it has been recommended that EPA and DHA be consumed at an intake of 0.65 g·d -1 , which is a 4-fold increase from the current level of consumption of 0.1-0.2 g·d -1 [9] . The adequate intake (AI) for LNA has been set at 1.6 and 1.1 g per day (adult men/women), and the target intake for EPA and DHA has been set at 160 or 110 mg per day (adult men/women) [11] . In Britain, the British Nutrition Foundation Task Force on Unsaturated Fatty Acids recommends a daily intake of 0.5-1.0 g of long-chain polyunsaturated n-3 fatty acids, which they suggest can be achieved through the consumption of an intake equivalent to 1-2 portions of oily fish per week [12] . Even in Japan, where seafood has traditionally been consumed at very high levels, the ratio of n-6 to n-3 fatty acids is increasing as diets become more westernized, leading some authors to suggest that fish consumption be increased, particularly amongst young people [13] . In addition to increasing fish consumption, alternative strategies for increasing levels of n-3 fatty acids in the diet, and/or decreasing the n-6:n-3 fatty acid ratio, include use of n-3 fatty acid supplements, consumption of other n-3 containing foods such as flax, and decreasing the intake of n-6 rich vegetable oils such as corn and sunflower oil [9] . There are also several new products available in North America that have been supplemented with n-3 fatty acids (both short and long chain) including eggs, milk, and bread. Table II shows the fatty acid content of some commercially available n-3 supplemented food products.
N-3 FATTY ACIDS AND THE BRAIN
In the human body, ALA is found primarily in triglycerides (TG), in cholesterol esters (CE), and in very small amounts in phospholipids (PL); EPA is found primarily in CE, TG, and PL; and DHA is found primarily in PL, and is highly concentrated in the cerebral cortex, retina, testes and sperm [8] . In fact, DHA makes up a large proportion of the brain's lipids, and is the predominant n-3 fatty acid found in this organ [14] . The structural predominance of DHA in the brain suggests functional significance, and as will be demonstrated, both DHA and its long-chain counterpart EPA can be linked with several aspects of neural function, including, but not limited to, phospholipase A 2 Omega-3 and neuropsychiatric disorders 5 (PLA 2 ) activity, inflammation, neurotransmissio, membrane fluidity, oxidation, ion channel and enzyme regulation, and gene expression. Each of these functions will be considered in terms of their relationship with the n-3 polyunsaturated fatty acids, and when available, evidence linking them with various neuropsychiatric disorders will be presented.
Phospholipase A2
PLA 2 is an enzyme that acts on the sn-2 position of phospholipids, thereby generating a free fatty acid, such as arachidonic acid (AA; 20:4n-6), EPA or DHA, and a lysophospholipid [15] . Several classes of PLA 2 exist in the brain [16] , with the highest expression of PLA 2 seen in the hippocampus [17] , a region of the brain that is related to learning and memory [18] . While the function of PLA 2 in the human nervous system has not been fully elucidated, it has been implicated in the processes of phospholipid turnover, neurotransmitter release, detoxification, exocytosis, and membrane remodelling [19] , and the free fatty acid and lysophospholipid produced by its action are known to be highly active cell signalling molecules [20] .
A pathological increase in the activity of PLA 2 has been observed in several neuropsychiatric disorders, including schizophrenia. Analysis of the serum levels of PLA 2 in schizophrenics showed increased levels of activity [21] , and magnetic resonance imaging of the cerebral cortex of schizophrenics confirmed an increased rate of phospholipid breakdown [22] . Consequently, Horrobin et al. [23] proposed the membrane phospholipid hypothesis of schizophrenia, which states that the disease is caused by variations in phospholipid biochemistry associated with increased loss of highly polyunsaturated fatty acids from membranes owing to enhanced activity of PLA 2 . Genetic abnormalities have since been observed in a gene linked to PLA 2 in schizophrenics thus further substantiating this hypothesis [24] . Similarly, levels of PLA 2 have been shown to be increased in the blood of dyslexics, leading to the suggestion that dyslexia may be on a continuum with schizophrenia [25] .
Elevated serum PLA 2 has also been found in patients with depression and bipolar disease [26] . Further evidence supporting the association between increased PLA 2 activity and these conditions comes from analysis of the biochemical mechanisms of the drug lithium, which has been used successfully in the treatment of both disorders. Lithium has been shown to be a strong inhibitor of PLA 2 in the brain via interference with transcriptional or post-translational regulation of the enzyme [27] . This occurs within the human therapeutic range, unlike some of the other biochemical effects of lithium, making inhibition of PLA 2 a likely primary mechanism of action of this drug [28] . Similarly, carbamazepine, an anticonvulsant drug with mood regulating properties also used in the treatment of bipolar disorder, has similar down-regulating effects 
Inflammation
Many mood disorders appear to be linked to immune system activation, as evidenced by overactivity of the inflammatory response. In patients with major depression, there is a higher expression of T-cell activation markers, suggesting a systemic immune activation [38] . Similarly, plasma levels of interleukin-6 (IL-6) and interleukin-2 (IL-2) in bipolar patients were found to be significantly higher than normal controls, suggesting an increase in cell mediated immune function [39] . An increase in IL-2 concentrations has also been shown in schizophrenics [39] , and all three of the aforementioned conditions are accompanied by an acute phase protein response, which is thought to reflect an increased production of various cytokines [40] . Psychotropic drugs have a suppressive effect on IL-6 secretion in schizophrenic patients [39] , and acute phase proteins can be suppressed by treatment with psychotropic drugs in patients with mania, depression, and schizophrenia [40] .
There is also evidence supporting the role of inflammation in neurodevelopmental diseases. Genetic studies have shown that in children with ADHD, genetic polymorphism in the interleukin-1 (IL-1) antagonist gene can both increase and decrease ADHD risk, depending on the allelic variation [41] . Biochemical studies have shown that children with autistic spectrum disorders display an increase in the production of TNF-alpha relative to controls when challenged with a stimulant for innate immunity [42] , and that there is an increase in the production of IL-1 receptor antagonist and interferon-gamma (INF-gamma) in children with autism [43] .
N-3 fatty acids, when consumed in adequate amounts, can exert anti-inflammatory actions in vivo. This is primarily accomplished through modification of the production of cytokines and eicosanoids. IL-1 has been shown to decrease [44] , while tumor necrosis factor (TNF) has been shown to increase, as a consequence of fish oil feeding [45] , thereby reducing inflammation. The reduction in levels of IL-1 may have behavioral consequences, since this cytokine has been shown to induce stress, anxietylike behavior, and deficits in spatial memory in rats, changes which are attenuated by administration of dietary EPA [46, 47] . Similarly, increasing the consumption of n-3 fatty acids, particularly the long-chain polyunsaturated n-3's, tends to shift the balance of eicosanoid production from pro-to anti-inflammatory mediators [48] . For example, increasing the amount of EPA in the diet causes a shift in the production of the inflammatory eicosanoid leukotriene B4 (LTB4) to the production of the anti-inflammatory leukotriene B5 (LTB5), thereby attenuating the inflammatory response [49] . Because of the relationship between inflammation and the pathology of many neuropsychiatric diseases, the influence of n-3 fatty acids on this physiological process is important to consider.
Neurotransmitters
Neurotransmitters are molecules that mediate intercellular communication [50] .
Omega-3 and neuropsychiatric disorders 7 Dopamine is a neurotransmitter that influences cognitive functions such as learning and motivation [51] , while serotonin is involved in modulating emotion and cognition [52] . Levels of neurotransmitters have been shown to be affected by diet, which is not surprising considering that many, including serotonin and dopamine, are derived from nutrient precursors. Serotonin is derived from the amino acid tryptophan while dopamine is derived from the amino acid tyrosine [53] .
Modulation of neurotransmitter levels has long been viewed as a causative factor in both unipolar and bipolar depression [52] . In unipolar depression, therapeutic drugs of the selective serotonin reuptake inhibitor (SSRI) class act to increase serotonin neurotransmission; for example, fluoxetine (Prozac) increases the concentration of serotonin in the synapse by inhibiting reuptake into the cell [54] . In contrast, pimozide, which is used in the treatment of bipolar disease, acts on dopamine receptors [55] . In vivo, serotonin transporter density is reduced in depressed patients [56] , and certain variants of the serotonin transporter gene have been associated with the disease [57] . Genetic variation of the serotonin transporter gene has also been associated with bipolar disease, as it appears to be a predictor of abnormal response to antidepressant therapy [58] .
Modulation of neurotransmitter levels have also been suspected in neurodevelopmental disorders such as ADHD and dyslexia. Single emission computed tomography has found that adults with ADHD exhibit increased striatal availability of a dopamine transporter [59] , and medications used to treat ADHD commonly exert their effect via inhibition of this transporter [60] . Polymorphisms of both the dopamine receptor and dopamine transporter genes have been observed in ADHD [61] , and ADHD has been linked to a variant of the serotonin-2A receptor gene [62] . However, dyslexia, which shows a high level of comorbidity with ADHD [63] , has failed to show similar genetic associations [64, 65] , and there is little evidence to support an association between neurotransmitter modulation and this disorder.
Neurotransmitters, particularly dopamine, have similarly been a focus of investigation in the study of schizophrenia. While it was previously thought that the symptoms of schizophrenia were primarily due to an excess of dopamine in the brain, in a recent re-evaluation of this hypothesis, Abi-Dargham [66] suggested that the brain of schizophrenic patients produces more dopamine than normal brains in the subcortical region and less dopamine than normal brains in the cortex. Considerable supportive evidence for the involvement of dopamine in schizophrenia comes from analysis of drugs that influence levels of this neurotransmitter in the brain. Anti-psychotic drugs, such as haloperidol and chlorpromazine, act by blocking dopamine receptors in the brain [67] , whereas drugs such as methylphenidate that elevate dopamine in the brain have been shown to exacerbate symptoms [68] . Genetic polymorphisms of dopamine genes have been investigated quite extensively, and studies have yielded both positive and negative results [69] [70] [71] , suggesting that in some patients genes may play a role in the disease.
In addition to dopamine, serotonin has also been a focus of schizophrenic research. In 1954, Wooley and Shaw [72] proposed that schizophrenia was related to alterations in serotonergic neurotransmission, since LSD, which shows structural similarity to serotonin, induces psychotic symptoms in normal individuals. In support of this theory, clozapine, which is a traditional anti-psychotic drug, is a serotonergic antagonist [73] , and some new medications function as both serotonin and dopamine modulators [74] . As with dopamine, studies investigating a genetic link between serotonin genes and schizophrenia have produced both positive and negative findings [75] [76] [77] , thus suggesting that variation of serotonin related genes may influence the disease.
Although they do not serve directly as substrates for the formation of serotonin and dopamine, n-3 polyunsaturated fatty acids have been shown to influence levels of these molecules in the brain. When piglets are fed a diet deficient in AA and DHA,
there is a decrease in both dopamine and serotonin concentration in the frontal cortex [78] . Conversely, when their diet was supplemented with AA and DHA, piglets showed an increase in the frontal cortex concentration of serotonin, possibly due to a decrease in degradation [79] . A similar situation has been found in rats, who when fed a diet deficient in n-3 fatty acids, displayed inadequate storage of newly synthesized dopamine [80] , as well as an overall reduction in the dopaminergic vesicle pool [81] . Alternatively, when rats are fed fish oil, there is a 40% increase in frontal cortex dopamine concentrations as well as a greater binding to dopamine D 2 receptors [82] . Serotonergic neurotransmission has also been shown to be modulated by dietary n-3 polyunsaturated fatty acids, with dietary deficiency causing an increase in higher levels of basal serotonin but a decrease in the amount released during synaptic transmission [83] .
Acetylcholine (Ach), another neurotransmitter found in the brain, is also modulated by dietary n-3 fatty acids. Acetylcholine has been implicated in the etiology of several neuropsychiatric disorders, including Alzheimer's disease [84] , schizophrenia [85] , and bipolar disorder [86] . Following a dietary induced reduction in brain phospholipid DHA, administration of a DHA enriched diet increases basal levels of brain Ach [87] . Moreover, an increase in cerebral Ach levels following administration of dietary DHA is correlated with an improved performance in passive avoidance tasks in a model of stroke-prone spontaneously hypertensive rats [88] . This could be because an n-3 deficient diet, which leads to a loss of DHA in both the hippocampus and frontal cortex, causes changes in cholinergic neurotransmission in the hippocampus only [89] . The hippocampus is a region of the brain that is closely associated with learning, attention, and memory [18] .
The influence of n-3 fatty acids on neurotransmission may be related to the production of eicosanoids, since in addition to their role in inflammation and immune responsiveness, eicosanoids also modify neurotransmitter release [90] . The eicosanoid prostaglandin (PG) E 2 appears to play a role in dopaminergic transmission in the brain [91] , and is known to act on the receptor of the inhibitory neurotransmitter glycine to reduce synaptic transmission [92] . PGD 2 increases brain serotonin content and turnover [ (93] , and PGE 1 and PGE 2 have an inhibitory effect on serotonin release [94] . Eicosanoids also affect levels of signal transducing molecules such as cyclic AMP [95] . Therefore, eicosanoids may act to affect neurotransmitter release and modify synaptic strength, thereby influencing various processes that are central to cognitive function.
Oxidative stress
Free radicals are generated under normal physiological conditions, and play important roles in a variety of biological processes. However, when these molecules are generated in excess, they can initiate spontaneous chain reactions that may have negative consequences, such as abnormal neurodevelopment and neuronal function [96] . Free radicals are considered unstable because they carry one or more unpaired electrons, which make them highly reactive. Examples of free radicals are superoxide radical, hydroxy radical, and nitric oxide, all of which are oxygen-containing species and are therefore referred to as oxyradicals. These oxyradicals can react with polyunsaturated fatty acids, and cell membranes of tissues exposed to high concentrations of oxygen, such as the brain, are susceptible to oxidation because of the presence of unsaturated fatty acids in their phospholipids [97] . Oxyradicals are eliminated by enzymes such as superoxide dismutase, glutathione peroxidase, and catalase, endogenous antioxidants such as glutathione and uric acid, and dietary antioxidants such as vitamins E and C [98] .
While it is generally accepted that oxidative cell damage likely plays a role in many Omega-3 and neuropsychiatric disorders 9 neuropsychiatric conditions including Alzheimer's disease [99] neurodevelopmental disorders [100] , and schizophrenia [101] , there are several different methods of evaluating oxidative damage, and this must be considered when assessing the available research. For example, one study of depressive patients that looked at different measures of oxidative stress in both plasma and saliva found that while catalase and total peroxidase activity were increased in both body fluids, the activity of superoxide elimination was decreased in the plasma but increased in the saliva [102] . However, taken together the findings cumulatively suggest an increased level of oxidative stress in depression, and this is corroborated by the results of other studies [103] [104] [105] . Similarly, in children with ADHD, exhalant ethane, which is a noninvasive marker of oxidative damage to n-3 fatty acids, is increased, suggesting that some patients with the condition may show an increased breakdown of n-3 polyunsaturated fatty acids [106] . Moreover, schizophrenic patients have shown deficits in both non-enzymatic antioxidant [107] and enzymatic antioxidant [108, 109] function, and there is considerable evidence to suggest increased oxidative stress in patients with Alzheimer's disease [110] [111] [112] . It is unknown whether oxidative stress is the primary event in the pathophysiology of the aforementioned conditions, or whether it is a secondary contributor to deterioration and poor clinical outcome [98] .
N-3 fatty acids may influence oxidative pathology via replacement of lost membrane phospholipid polyunsaturated fatty acids following attack by oxyradicals [96] . In animals, consumption of dietary n-3 fatty acids has been shown to modulate levels of these in the brain [113] , and human serum and erythrocyte phospholipids are very responsive to dietary n-3 modulation [114] [115] [116] . Because of the vulnerability of lipids to attack by oxyradicals, it has been suggested that supplementation with n-3 polyunsaturated fatty acids should be accompanied by cotreatment with an antioxidant [96] .
However, despite an often cited concern of an n-3 induced increase in oxidative stress with fatty acid supplementation, the available evidence does not appear to support this contention. In fact, there is evidence to the contrary demonstrating that EPA and DHA in fact reduce oxidative stress. Measurement of F2-isoprostanes, which reflect in vivo lipid production and oxidant stress, were shown to decrease following dietary supplementation with either EPA or DHA [117] , as well as with a daily meal of fish [118] . N-3 fatty acids may do this by modifying the activity of antioxidant enzymes, since there is evidence demonstrating an increase in the activity of both xanthine oxidase [119] and superoxide dismutase [120] following consumption of an n-3 rich diet. The antioxidant effect of n-3 fatty acids has even been shown to extend to neonates following daily maternal fish oil supplementation [121] . Therefore, the long-chain n-3 fatty acids actually appear to exert protection against oxidative stress.
Ion channel and enzyme regulation
Proper physiological function requires coordinated integration of a number of different cellular components, including ion channels and enzymes. Sodium channels, which are glycoproteins that form pores in the cell membrane, open and close in response to changes in membrane potential thereby regulating the generation of action potentials. A similar process occurs with potassium channels, which are also found in the cell membrane. Enzymes such as the Na + K + ATPase and Ca-ATPase perform the functions of ion transport, allowing for maintenance of proper intracellular ion concentration and cellular homeostasis, and the regulation of ion channels and enzymes is accomplished by molecules such as neurotransmitters and G proteins. Therefore, there are a multitude of levels at which neuronal functioning might be compromised, potentially resulting in pathology that could give rise to neuropsychiatric disorders.
Ion channel, enzyme, and regulatory molecule function may be influenced by polyunsaturated n-3 fatty acids. EPA has been found to inhibit voltage-activated Na + currents [122, 123] , as has DHA [123, 124] and ALA [123, 125] . It appears that these n-3 polyunsaturated fatty acids modify the function of the Na + channel by binding directly to channel proteins [123] . DHA [126, 127] and EPA [126] have also been shown to inhibit voltage-activated K + current, and DHA has been observed to do this via binding to an external site on the channel structure [128] . Importantly, the opening of the K + channel TREK-1 by ALA and DHA appears to exert a neuroprotective effect against ischemia and epileptic damage in the brain [129, 130] . DHA [124, 131] , EPA [131] , and ALA [131] have further been shown to inhibit voltage-activated Ca + currents. The ion regulating enzyme Na + K + ATPase appears to be strongly influenced by the presence of DHA in the surrounding cell membrane, in that high concentrations of DHA have been associated with high Na + K + ATPase activity [132] , and both CaATPase and Na + K + ATPase activity have been shown to be inhibited by both EPA and DHA [133] . While the effect of DHA on Na + K + ATPase activity in [132] and [133] appears to be contradictory, the use of different methodologies precludes a direct comparison between the two, since Turner et al. [132] correlated the activity of the enzyme with pre-existing levels of DHA in various tissues while Kearns and Haag [133] added DHA to the enzymatic assay. Other cellular functions, such as the rate of glutamate uptake [134] , the responsiveness of the NMDA receptor [135] , and the activation of protein kinase C [136, 137] have also been shown to be affected by polyunsaturated n-3 fatty acids.
Gene expression
The regulation of genetic expression dictates the rate at which genes are transcribed to effect changes in the production of various gene products. Genes can either be upor down-regulated, resulting either in an increase or decrease in transcription. Upregulation of a gene may lead to an increase in the synthesis of a particular protein, while down-regulation may have the opposite effect. Modulation of gene expression at the transcription level can be mediated by n-3 polyunsaturated fatty acids, and Wahle et al. [138] recently summarized the generally accepted mechanisms of this regulation. The first reported mechanism is activation of cell signal cascades which results in covalent modification of specific transcription factors, which can in turn then bind to promoter regions of a gene causing an up-or down-regulation of transcription. The second reported mechanism is by direct binding of the fatty acid (or its derivative) to specific transcription factors, which consequently has a positive or negative effect on its promoter binding capacity. The third reported mechanism is modification of transcription factor mRNA, or alteration of the stability of such mRNA and possibly its DNA-binding capacity. There are also likely indirect mechanisms of regulation of gene expression, such as modulation of the redox state of the cell. Among the transcription factors that are known to be activated by n-3 polyunsaturated fatty acids are peroxisome proliferated activated receptors (PPARs), liver X receptors α and β, hepatic nuclear factor-4, and sterol regulatory element binding proteins (SREBPs) [139] .
The relationship between n-3 polyunsaturated fatty acids, gene expression, and neuropsychiatric disorders is suggested by research that shows that these lipids modulate the expression of a number of genes in the brain, including those involved in synaptic plasticity and signal transduction. For example, DNA microarray studies performed on rats following dietary manipulation of fatty acid content showed that the genes coding for α-and γ-synuclein and the Dcadherin gene were up-regulated with feeding of diets rich in ALA and DHA [140] , and research suggests that these proteins are involved in neural plasticity [141, 142] . Similarly, the transcript levels of three genes Omega-3 and neuropsychiatric disorders 11 coding for calmodulin were up-regulated, albeit to a similar extent with diets containing either ALA, DHA, linoleic acid (LA; 18:2n-6) plus ALA, or LA plus DHA [140] . Calmodulin has also been shown to play an important role in synaptic plasticity [143, 144] as well as signal transduction [145, 146] . The expression of numerous other genes have been found to be affected by dietary manipulation of fatty acid content, and the reader is referred to [147] for a comprehensive review. Due to the association between n-3 polyunsaturated fatty acids and regulation of the expression of genes associated with neural function, this may be another mechanism by which these lipids are involved in the aetiology of neuropsychiatric disorders. Clearly, the effect of n-3 fatty acids on cellular physiology is widespread, and the relationship between impaired brain function and neuropsychiatric disorders necessitates that the n-3 fatty acids be considered as candidates for involvement in the aetiology of these conditions.
OMEGA-3 FATTY ACID STATUS OF BLOOD AND CELLS OF INDIVIDUALS WITH VARIOUS NEUROPSYCHIATRIC DISORDERS
Omega-3 fatty acid deficiencies are associated with a wide range of neuropsychiatric disorders, including, but not limited to, attention deficit hyperactivity disorder (ADHD), neurodevelopmental disorders such as dyslexia and autism, depression, aggression and dementia. This review will present available information on blood levels of omega-3 fatty acids in individuals with these and other neuropsychiatric disorders, as compared with healthy controls. We will also discuss available evidence as to the efficacy of omega-3 fatty acid supplementation in alleviating the symptoms of these conditions. The role of omega-3 fatty acids in retinitis pigmentosa and other retinal degenerative disorders, will not be discussed in this review. Neither will the role of omega-3 fatty acids in peroxisomal disorders, disorders characterized by the absence of normal peroxisomes and thus difficulties in beta-oxidation of long chain fatty acids. The role of omega-3 fatty acids in these disorders has been discussed previously [148] [149] [150] [151] .
Attention deficit disorder and hyperactivity
Attention Deficit/Hyperactivity Disorder (ADHD), also known as Attention Deficit Disorder (ADD), is a condition characterized by disabling levels of inattention, impulsivity, and/or hyperactivity, which are inappropriate for the individual's level of development [152] . The prevalence of ADHD in North America is approximately 3-5% of the school age population [153] , with a male to female ratio of around 4-6:1 [152] . Twenty to twenty five percent of children with ADHD show one or more specific learning disabilities in math, reading, or spelling. Hyperactive children have also been reported to experience increased thirst, eczema, asthma, and other allergies, which are known to be symptoms of essential fatty acid (EFA) deficiency, more often than normal children [154] . Although previously thought to be a condition of childhood, it is now recognized that in up to 60% of sufferers, ADHD persists into adulthood [155] . In adults, ADHD is manifest by disorganization, impulsivity, and poor work skills, and sufferers tend to be impatient and easily bored.
Since the 1980's, both n-3 and n-6 long chain polyunsaturated fatty acids (LCPUFAs) have been suspected of being associated with ADHD. In one of the first investigative studies conducted, the serum levels of DHA, dihomogamma-linolenic acid (DGLA, 20:3n-6), and arachidonic acid (AA, 20:4n-6) were found to be significantly lower in hyperactive children than in controls [156] . Stevens et al. [157] found that plasma and red blood cell (RBC) levels of AA, EPA, and DHA were significantly lower in ADHD patients as compared to controls, and that a subgroup of ADHD patients exhibiting symptoms of LCPUFA deficiency had even lower plasma concentrations of AA and DHA than did ADHD subjects with few LCPUFA-deficiency symptoms. Recently, Young et al. [158] demonstrated that adults with ADHD also have an altered phospholipid fatty acid status, specifically having lower levels of omega-6 fatty acids and DHA in serum and lower levels of omega-3 fatty acids, including DHA in red blood cells.
Low levels of these LCPUFA in blood could be related to marginal consumption, inefficient conversion of precursors (linoleic acid and ALA) to LCPUFA, or enhanced metabolism of LCPUFA [154] . Preliminary work suggests no difference in dietary intakes of fatty acids between children with ADHD and healthy children [157] . Recently, Ross et al. [100] demonstrated that children with ADHD exhaled increased levels of ethane, a non-invasive measure of oxidative damage to omega-3 fatty acids, indicating increased breakdown.
Based on this body of research, it has been hypothesized that supplementation with LCPUFAs, particularly of the n-3 fatty acid family, may result in an improvement in the learning and behavioral symptoms of ADHD. However, very few clinical trials have been conducted in this field. In 2001, Voigt et al. [159] supplemented 63 children with ADHD with either placebo or 345 mg DHA·day -1 for 4 months. DHA levels in blood increased but there were no significant improvements in any measure of ADHD symptoms. However, Richardson and Puri [160] showed that supplementation with a mixture of EPA, DHA, gamma-linolenic acid (GLA, 18:3n-6), vitamin E, AA, LA and thyme oil for 12 weeks in children with specific learning disabilities, improved symptoms in 7 out of 14 symptoms of ADHD (although only 3 were significant) compared to none for placebo. Recently, Stevens et al. [161] supplemented children with ADHD with (per day) 480 mg DHA, 80 mg EPA, 40 mg AA, and 96 mg GLA for 4 months. There was an increase in both EPA and DHA in plasma as well as improvement in parent-rated conduct, teacher-rated attention and oppositional defiant behaviour. Furthermore, there was a significant correlation between increased RBC EPA and DHA and a decrease in disruptive behaviour. Harding et al. [162] compared the effect of Ritalin and dietary supplements including, among other ingredients, omega-3 fatty acids (180 mg EPA, 120 mg DHA) and 45 mg GLA per day. Although small and non-randomized, this study suggested that dietary supplementation resulted in equivalent improvements in attention and self control as Ritalin. Finally, Hirayama et al. [163] examined the effect of DHA supplementation in food sources for 2 months on symptoms of ADHD. On average, children received 0.5 g DHA·day -1 vs. control foods. There was no improvement of ADHD symptoms in this study. These findings seem to suggest that a combination of LCPUFAs is more likely to exert a positive effect on ADHD symptoms than omega-3 fatty acids alone.
Alzheimer's disease and dementia
Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized by memory loss, intellectual decline and eventual global cognitive impairment. The incidence of dementia in western countries, of which AD is the major cause, is estimated to be approximately 10% of the population over the age of 65 y and 47% of the population over 80 y of age [164] .
It has long been suggested that AD is associated with brain lipid defects [165] [166] [167] [168] [169] [170] . More recently, epidemiological studies [171] [172] [173] [174] [175] [176] [177] have suggested that high fish and/or omega-3 fatty acid consumption is inversely associated with cognitive impairment, cognitive decline, and/or development of dementia or AD.
Blood levels of omega-3 fatty acids of individuals with existing AD have also been investigated and compared with control subjects. One study suggests an inverse Omega-3 and neuropsychiatric disorders 13 association between cognitive decline and ratio of n-3/n-6 fatty acids in RBC membranes [178] . Furthermore, serum cholesteryl ester (CE) EPA and DHA levels have been shown to be lower in AD patients [179] . This study also suggested that CE-DHA is an important determinant of minimental state examination (MMSE) score across the population. Another study by ourselves [180] suggests that phospholipid-(PL) and phosphatidylcholine-(PC) EPA, DHA and total omega-3 fatty acid levels are decreased in cognitively impaired and demented (including AD) individuals. Only one study [181] found no significant difference in plasma PL omega-3 fatty acid levels between controls and cognitively impaired/ demented individuals.
The reason for potential decreased blood levels of omega-3 fatty acids in individuals with AD is unclear. Studies have suggested an increased omega-6 and/or decreased omega-3 fatty acid consumption in individuals with AD [182, 183] and at least one of these studies [183] suggests that this altered fatty acid intake precedes the development of AD. Furthermore, Kyle et al. [184] suggests that decreased blood levels of plasma DHA is a risk factor for the development of AD. Although decreased omega-3 fatty acid consumption prior to the development of AD is one possibility to explain the decreased omega-3 fatty acids in the blood of individuals with AD, increased omega-3 oxidation is also possible. For example, F4-isoprostane (peroxidized DHA) production is increased in certain brain cortex regions of AD brains [185] as well as in cerebrospinal fluid from individuals with AD [185, 186] .
There are only three known studies in which individuals with AD or dementia have been supplemented with long chain omega-3 fatty acids. In the first [187] , by Terano et al., individuals with dementia were supplemented with 0.72 g DHA per day for 1 year. Blood levels of omega-3 fatty acids increased and scores on dementia rating scales improved. In the second study, by Otsuka [183] , individuals with AD were supplemented with 900 mg EPA per day for 6 months. MMSE scores increased maximally by 3 months and remained higher for 6 months. In the third study, by Suzuki et al. [188] , adults with dementia showed both an increase in intelligence and an improvement in visual acuity following supplementation with an oil containing DHA (15%) and EPA (3%). Non-demented elderly also showed improvements in both intelligence and visual acuity in this study.
Schizophrenia
Schizophrenia is a severe mental illness characterized by positive (hallucinations and delusions) and negative (lack of emotional responsiveness and drive) symptoms. The global distribution of schizophrenia is even, despite environmental factors across countries and cultures. Schizophrenic outcome, however, has been suggested to be inversely related to the consumption of saturated fats and directly related to consumption of omega-3 fatty acids [189, 190] . Furthermore, blood omega-3 fatty acid levels have been shown to be correlated with positive schizotypal trait measures [191] , and this suggests that these fatty acids may offer protection against psychotic breakdown. The reader is referred to Section 3.1. for a discussion of the membrane hypothesis of schizophrenia, as proposed by Horrobin [23] as evidence of increased catabolism of phospholipids in this pathology.
Decreased red blood cell omega-3 fatty acids levels have been shown in first episode psychotic patients (medication-free) [192] [193] [194] , as well as in medicated schizophrenic patients [195] [196] [197] [198] , as compared with control subjects. Furthermore, levels of total omega-3 fatty acids and DHA are decreased in cultured skin fibroblasts from schizophrenic patients as compared with controls [199] . Some studies also suggest decreased levels of certain omega-6 fatty acids, mainly AA, accompanies the modification of omega-3 fatty acid levels in these individuals [196] . Medication itself may influence the levels of omega-3 fatty acids in red blood cells of schizophrenic patients in either a positive [193, 194] or negative [200] manner. Interestingly, Hibbeln et al. [201] , suggests that schizophrenic smokers have decreased blood levels of DHA and EPA as compared with schizophrenic nonsmokers. In schizophrenic individuals there may be an increased breakdown of these omega-3 and omega-6 fatty acids, as suggested by various authors [192, 196] and/or there is a decreased activity in one or more of the enzymes, responsible for the synthesis of the long chain omega-3 and omega-6 fatty acids [199, 202] . Consistent with alteration in fatty acid metabolism in schizophrenic individuals is the finding that there may also be abnormalities in retinal photoreceptor function [203] .
The findings involving supplementation of schizophrenic individuals with omega-3 fatty acids have been reviewed by various authors [204] [205] [206] . There is evidence to suggest positive benefits for omega-3 fatty acid supplementation in schizophrenic individuals but more well designed studies are still needed before definite conclusions can be made. Most studies have investigated the ability of ethyl-EPA to modify positive and negative schizophrenic symptoms in individuals with residual symptoms despite medication. Most of these studies have shown improvements in Positive and Negative Syndrome Scale (PANSS) scores after at least 12 weeks of supplementation [34, 200, 207] . Levels of ethyl -EPA used range from 1-4 g·day -1 with 2-3 g·day -1 being the most common, and this level appears to have the most benefit. Benefits have also been noted in dyskinesia scores after 12 weeks of supplementation [34] . Interestingly Peet et al. [208] suggests that EPA supplementation is preferable to DHA supplementation, which performed no better than placebo on symptoms in schizophrenic individuals. One study in the USA [209] found no differences in symptoms, mood or cognition after supplementation with 3 g ethyl -EPA for 16 weeks.
At least two studies have been conducted with EPA and DHA combinations in fish oil, investigating changes in omega-3 fatty acid levels of red blood cells and improvement in symptoms. One of these studies investigated the combined supplementation of omega-3 fatty acids (EPA plus DHA) and antioxidant vitamins (E and C) [210] , and the other [34] , investigated the effect of 10 g·day -1 MaxEPA (EPA plus DHA) in an open study. Both studies had positive results.
Additionally, two authors have presented results of findings in individual patients. In one, a 30 year old woman with exacerbation of symptoms during pregnancy, was supplemented with omega-3 fatty acids [211] . This resulted in an increase in omega-3 levels of RBC and improvement in positive and negative symptoms. In a second study, a drug-naïve patient was supplemented with 2 g EPA·day -1 for 6 months [212] [213] [214] . Improvements were noted in PANSS scores, RBC omega-3 levels, cerebral atrophy and hemispheric imbalance.
Depression and post-partum depression
Major depression is defined as at least 2 weeks of predominantly low mood or diminished interests in one's usual activities in combination with 4 or more of the following: increased or decreased sleep patterns, inappropriate guilt or loss of selfesteem, increased or decreased appetite, low energy, difficulty concentrating, agitation or retardation, and suicidal thoughts [215] . During the past century, there has been a dramatic increase in the rates of depression among cohorts [216] , and it is thought that there is a causative environmental factor involved [217] . Several observational studies have provided evidence that supports the theory that decreased fish and/or omega-3 fatty acid consumption may be involved with increased incidence of depression and this has been reviewed by various authors [218, 219] .
Societies consuming large amounts of fish and n-3 fatty acids appear to have lower Omega-3 and neuropsychiatric disorders 15 rates of major depression and bipolar disorders [216, 220, 221] and the likelihood of having depressive symptoms increases among infrequent fish consumers versus frequent fish consumers [222] . Studies have also suggested that depression associated with disease diagnosis is also associated with decreased dietary intake of total omega-3 fatty acids [223, 224] . Seasonal variation of serum long chain PUFA, including EPA and DHA, correlates negatively with the number of violent suicidal deaths in Belgium [225] . However, one study found no associations between dietary intakes of omega-3 fatty acids and depressed mood or major depressive episodes [226] .
Total n-3 PUFA, EPA, and DHA are depleted in red blood cell membranes of depressive patients and/or individuals at risk for the recurrent form of the major depressive disorder [217, 227, 228] , and there is a negative correlation between levels of blood and adipose tissue n-3 PUFA and depressive symptoms [227, [229] [230] [231] . A study by Mamalakis et al. [232] suggests that while there is no relation between adipose tissue n-3 PUFA and depression, increased ratios of longer chain n-3 and n-6 fatty acids are noted and this suggests increased fatty acid elongation in general. N-3 fatty acids are also depleted in the serum PL and CE of depressed and bipolar patients [233] [234] [235] , and an increase in the AA to EPA ratio has repeatedly been positively correlated with depression [233, 234, 236] .
Post-partum depression (PPD) also appears to be associated with omega-3 fatty acid levels. Higher concentrations of DHA in breast milk and higher seafood consumption predicts lower prevalence of post-partum depression in society [237] . Higher plasma DHA of the mother is associated with a reduction in depressive symptom reporting in the immediate post-partum period [238] . Plasma DHA was influenced by maternal education and smoking, however, so these results should be interpreted with caution. Another study suggested that the post-partum normalisation of DHA status was lower in individuals who were "possibly depressed" versus the non-depressed group [239] . In mothers who developed PPD, DHA and total omega-3 fatty acids (PL and CE) were decreased and the omega-6:omega-3 ratio was increased as compared with mothers who did not develop PPD [240] .
As with the other neurological disorders mentioned in this review, there are a few studies investigating the effect of omega-3 fatty acid supplementation on symptoms of depression. At least four studies have investigated the potential efficacy of omega-3 fatty acid supplementation in depressive individuals. Most of these studies involved individuals who were on standard medications. Three of these studies investigated the effects of ethyl-EPA and found improvements in scores on depressive rating scales as well as suicidal thoughts and social phobia [241] [242] [243] , with maximum benefits observed with the 1 g·day -1 dose [241] . In another study, individuals were supplemented with 6.6 g of omega-3 fatty acids or placebo for 8 weeks [244] . A decreased score in the Hamilton rating scale was noted in the omega-3 supplemented group. One study investigated the effect of supplementation with DHA alone (2 g·day -1 ) versus placebo for 6 weeks and found no difference in rating scale scores between the groups [245] . In bipolar patients on medication, Stoll et al. [35] determined that 9.6 g·day -1 omega-3 fatty acids for 4 months, as compared with placebo, resulted in improved outcome and longer remission.
At least two studies have been conducted on individuals with PPD. In the first study, mothers with a history of PPD were supplemented with approximately 3 g fish oil from the 34th-36th week of pregnancy to 12 weeks post-partum [246] . There were no dropouts but there was also no evidence of benefit based on the number of individuals who had depressive episodes during the study. In the second study, individuals were supplemented with 200 mg DHA·day -1 or placebo for 16 G. Young, J. Conquer 4 months following delivery [247] . Increased plasma DHA was noted in the supplemented group, whereas there was a decrease in the placebo group. There was no difference in self-rating or diagnostic measures of depression. It is still unclear whether there are potential benefits of omega-3 fatty acid supplementation from earlier on in pregnancy and/or prior to conception.
Other disorders
The role of omega-3 fatty acids has also been investigated in other neurological disorders, although the information is scarce. These include dyslexia, autistic spectrum disorders, dyspraxia, borderline personality (BPD) disorder and obsessive compulsive disorder (OCD), as well as in aggression and hostility.
In adults and children with dyslexia, signs of fatty acid deficiencies are correlated with the severity of dyslexic signs and symptoms [248, 249] . Cerebral P-31 magnetic resonance in dyslexics indicate increased membrane PL turnover [250] . Increased PLA2 activity has also been suggested [251] . Supplementation with PUFA from the omega-3 and omega-6 series (186 mg EPA, 480 mg DHA, 96 mg GLA, 864 mg LA and 42 mg AA per day) improved ADHD symptoms in children with learning disabilities (mainly dyslexia) [160] and supplementation with DHA for 1 month improved dark adaptation in dyslexic young adults [252] .
Decreased DHA and total omega-3 fatty acids have been shown in blood of autistic children versus mentally retarded children [253] . Furthermore, there is also decreased PUFA in RBC membranes of autistic children which has been shown to break down faster than control samples when stored at -20 °C versus -80 °C [254] . There do not appear to be any published trials in which individuals with autistic spectrum disorder are supplemented with omega-3 fatty acids.
Two supplementation trials have been conducted in children with dyspraxia. These trials suggest improvement in movement skills with high DHA fish oil plus evening primrose oil for 4 months [252] and improvement in reading and spelling, with a decrease in ADHD symptoms after supplementation with fish oil and evening primrose oil for 12 weeks [255] .
Supplementation with 1 g of E-EPA per day for 8 weeks was investigated in individuals with BPD. Improvement was noted in aggression and severity of symptoms [256] .
Omega-3 fatty acid supplementation has also been investigated in individuals with OCD on traditional selective serotonin reuptake inhibitors (SSRI's). Individuals were supplemented with 2 g EPA·day -1 or placebo for 6 weeks. Scores on the Yale Brown Obsessive Compulsive Scale decreased in both groups [257] .
Cross-nationally, it has been observed that rates of death from homicide are lower in countries with high n-3 consumption [258] . In a 5 year prospective interventional study, an increase in dietary n-3 fatty acids caused a significant decrease in hostility [259] .
Omega-3 supplementation has been investigated in terms of aggression and hostility. Supplementation with 1.5 g DHA·day -1 versus placebo for 2 months resulted in decreased aggression in educated University workers but not uneducated villagers after a videotape stressor [260] . When aggression was measured during exam time, after three months of supplementation with 1.5 g DHA·day -1 , there was an increase in aggression in the control group, but no change in the DHA group [261] . This same dose appeared to decrease the level of norepinephrine (NE), but not other catecholamines, in medical students during exams [262] . Interestingly, when aggression was determined during a non-stressful time, there was no change in aggression in the DHA group and a slight decrease in the control group [263] . It is possible DHA supplementation is offering protection during stressful conditions.
In cocaine addicts admitted to hospital, aggressive patients were shown to have decreased levels of total omega-3 fatty acids Omega-3 and neuropsychiatric disorders 17 and DHA as well as an increased n-6:n-3 ratio in blood [264] .
CONCLUSION
It is obvious that there is a limited amount of work in the field of omega-3 fatty acids and neuropsychiatric disorders, and thus there are exciting opportunities for researchers. Evidence suggests decreased blood levels of omega-3 fatty acids in individuals with various psychiatric conditions. The reasons for this are not clear; they include a decreased biosynthesis and/or increased breakdown. Both would increase dietary requirements in this population. Alterations in the levels of minerals such as zinc, as observed in individuals with ADHD, would also play a role in LCPUFA synthesis. Epidemiological evidence suggests that either a decreased intake of omega-3 PUFA, or decreased levels of omega-3 PUFA in plasma or RBC are risk factors for the development of at least some of these conditions. This suggests that they may play a role in the actual development of the disorder as opposed to being a consequence of the disorder.
Thus far, the benefits of supplementation, in terms of decreasing disease risk and/ or aiding in symptom management are not clear and more research is needed. Timing of dietary changes and/or supplementation use as well as levels and specific types of omega-3 fatty acids are still in the process of being investigated. 
